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Exploring synergies between climate and air quality policies using 1 long-term global and regional emission scenarios In this paper, we present ten scenarios developed using the IMAGE framework (Integrated Model to 14
Assess the Global Environment) to explore how different assumptions on future climate and air 15 pollution policies influence emissions of greenhouse gases and air pollutants. These scenarios 16 describe emission developments in 26 world regions for the 21 st century, using a matrix of climate 17 and air pollution policies. For climate policy, the study uses a baseline resulting in forcing levels 18 slightly above RCP6.0 and an ambitious climate policy scenario similar to RCP2.6. For air pollution, 19 the study explores increasingly tight emission standards, ranging from no improvement, current 20 legislation and three variants assuming further improvements. For all pollutants, the results show 21 that more stringent control policies are needed after 2030 to prevent a rise in emissions due to 22 increased activities and further reduce emissions. The results also show that climate mitigation 23 policies have the highest impact on SO 2 and NO X emissions, while their impact on BC and OC 24 emissions is relatively low, determined by the overlap between greenhouse gas and air pollutant 25 emission sources. Climate policy can have important co-benefits; a 10% decrease in global CO 2 26 emissions by 2100 leads to a decrease of SO 2 and NO X emissions by about 10% and 5%, respectively 27 compared to 2005 levels. In most regions, low levels of air pollutant emissions can also be achieved 28 by solely implementing stringent air pollution policies. The largest differences across the scenarios 29 are found in Asia and other developing regions, where a combination of climate and air pollution 30 policy is needed to bring air pollution levels below those of today. and WMO, 2011). First of all, air pollutants often originate from the same economic activities as 37 greenhouse gases (GHGs), e.g. combustion of fossil fuels. This means that greenhouse gas abatement 38 activities may lead to important co-benefits for air quality. Secondly, many air pollutants also change 39 the radiative forcing, leading to either a warming effect, e.g. by black carbon and methane, or a 40 cooling effect, e.g. by sulphur dioxide emissions and subsequent formation of sulphate aerosols. 41 Thirdly, climate change can lead to changes in concentrations of air pollutants driven by changes in 42 emissions, formation and removal mechanisms influenced by meteorology (Jacob and Winner, 2009 
Scenario assumptions 132

Scenario design 133
The scenarios developed for this study are described by a framework consisting of two main axes, 134 one describing the level of climate policy and the second describing the level of air pollution control, 135 both ranging from no policy to stringent emission control (see Table 1 ). This results in a scenario 136 matrix that defines a total of 10 different scenarios. Along the climate policy axis, we distinguish two 137 types of scenarios similar to two of the RCPs. These are the OECD baseline scenario (BL), which leads 138 to a forcing level similar to RCP6, and a scenario that follows a more ambitious trajectory (450) 
Climate policy scenarios 162
In this study, we include two basic climate and energy system policy scenarios: 1) a baseline scenario, 163 similar to RCP6 and in the order of 6.7 W/m 2 in 2100 and 2) a stringent 450 ppm CO 2 -eq climate 164 policy scenario (similar to RCP2.6). The latter scenario is likely to comply with the UNFCCC target to 165 limit global temperature change to 2 o C by the end of this century, for which we assume full flexibility 166 to mitigate greenhouse gas emissions across time, sources, and gases. 167 168
For the baseline scenario, we use the IMAGE implementation of the OECD Environmental Outlook 169 baseline (OECD, 2012) . This scenario describes the development of the energy system and land use in 170 the absence of climate policy. It assumes a medium development for main driving forces such as 171
income, population and energy use. By 2050 the population will increase to around 9 billion and 172 subsequently more-or-less stabilize (UNDESA, 2011). Assuming no fundamental change in current 173 policies, fossil fuels are expected to retain a large market share in most situations as their market 174 price is expected to stay below that of alternative fuels. Feeding a growing population with a more 175 protein-rich diet requires increases in agricultural production. The necessary expansion of 176 agricultural land is partly offset by improved agricultural yields. Deforestation due to agricultural 177 expansion is projected to peak in 2030. Together, this leads to high levels of greenhouse gas 178 emissions, with a resulting radiative forcing of around 6.7 W/m² in 2100. 179 180
The climate policy scenario is derived from the baseline scenario by implementing an equal carbon 181 tax in all regions and sectors. The carbon tax induces changes in the energy system through a price 182 mechanism, i.e. increased use of zero and low carbon technologies, energy efficiency and reduction 183 of non-CO 2 emissions, due to changes in activities. The detailed implementation of this evolution of emission factors is discussed below. 212
Historical period (1970 -2005) 
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-2100 period 250
For the period after 2030, it is assumed that emission factors either remain constant at 2030 levels 251 (the CLE and MFR scenarios) or further decline driven by regional income levels (the CLE KZN and 252 MFR KZN scenarios). The development of emission factors depends on two main variables: 1) two 253 income thresholds in terms of GDP per capita (see Table 2 ) and 2) In our implementation it is also assumed that developing countries will implement policies slightly 272 earlier than developed countries in the past, due to a much faster and cheaper technology transfer. 273
To this end, we assume that income thresholds are not static but declining linearly over time, so that 274 developing countries implement abatement technologies at lower income levels (see Table 2 ). 
The IMAGE-PEGASOS scenario datasets 282
The set of 10 scenarios (as summarized in Table 1 Figure 1) , the CO 2 304 emissions are in fact reduced more than total greenhouse gas emissions and become negative in the 305 latter half of the century by using BECCS (bio-energy with carbon capture and storage). CH 4 emission 306 reductions in the energy sector are realized predominantly by fuel substitution while agricultural 307 emissions are reduced by introducing measures affecting enteric fermentation and emissions from 308 animal manure. In the model, a rapid transformation of the energy system to a low-carbon system is 309 achieved via a global carbon price, reaching a level of 325 USD/tCO 2 -eq in 2050. The changes in the 310 energy system include: implementation of energy efficiency, substitution of high with low carbon 311 fuels and rapid introduction of zero-carbon technologies, including renewables, nuclear, and CCS 312 (carbon capture and storage). 313 314
Figure 1 -CO 2 and CH 4 energy system emissions for the baseline (BL) and climate policy scenarios 315
(450), independent of air pollution policy assumptions. 316
NO X emissions 317
Transportation and electricity generation are the most important sources of NO X . Reduction of NO X 318 emissions can be achieved by fuel switching, efficiency improvement, and implementation of 319 measures involving catalytic reduction; the latter being most efficient for both mobile and stationary 320 sources. Without further application of such measures, NO X emissions are expected to increase 321 rapidly -as depicted by the 'frozen emission factors' baseline (BL FRZ) scenario. 322 323 Regionally, the projected increase in SO 2 emissions in the absence of additional policies (BL FRZ) -394 specifically in India and China -can be abated by a combination of air pollution and climate policies, 395 while for some developed regions a decline from 2005 levels is projected even in the absence of 396 additional policies. In India SO 2 emissions increase even under air pollution policies (BL CLE KZN), 397 whereas climate policies reduce emissions significantly (see Figure 4) . 398
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NMVOC emissions 399 400
Figure In industrialized countries, anthropogenic NMVOC emissions originate mainly from the transport and 406 industry sectors, more specifically from solvent use. In developing countries with high use of solid 407 fuels for cooking, the residential sector is an important contributor to NMVOC emissions followed by 408 transport. The source structure might change quickly as transport emissions can be effectively 409 controlled and growth in chemical industry and personal wealth will drive solvent use related 410
emissions, see for example recent developments in China (Wei et al., 2008) and India (Sharma et al., 411 2015) . Globally, the majority of NMVOC emissions, however, originates from natural sources, e.g., 412
forests but also open biomass burning. NMVOC emissions more-or-less stabilize at the current level. Obviously, relatively the largest impact 422 of climate policies is expected for cases with little additional air quality legislation, owing to a 423 decrease of losses and the large contribution of transport emissions which can be effectively reduced 424 by bringing down reliance on oil. Additionally, air pollution policies can reduce emissions further 425 through end-of-pipe technologies. The analyzed scenarios suggest that the most stringent 426 combination of climate and air quality policies could reduce emissions of NMVOC by nearly 75% by 427 the end of the century. 428
CO emissions 429
In general, about half of anthropogenic CO emissions originates from incomplete combustion in the 430 residential and commercial sectors and one-third from road transport. As for NMVOC emissions, the 431 reduced use of oil after 2060, cause the CO emissions to decline independent from climate policy or 432 air pollution control policies. In general, air pollution policies have a relatively strong impact on CO 433 emissions ( Figure 6 ). 434 435
In the CLE scenarios, the decrease of EFs will result in a continued decline of global emissions, leading Reduction values near the diagonal line imply that they are reduced almost at the same rate as CO 2 495 indicating a strong coupling. The figure clearly shows that future air pollution policies can benefit 496 from climate policies in reducing air pollutant emissions. SO 2 reductions profit the most from climate 497 policy (see Figure 9) for BC and CO emissions, about 10% of the emissions could not be attributed to an IMAGE emission 550 source category. For OC this factor is about 17% of total emissions. These unattributed emissions are 551 included in the GAINS emission levels in Figure 10 . Furthermore, the differences between EDGAR and 552 GAINS are a result of different emission factors used, but also because of large uncertainties in 553 estimates of activities and emissions from solvent use, biomass use and cooking. GAINS also includes 554 a number of sources that are not part of EDGAR v4.2, specifically high-emitting vehicles, residential 555 trash burning and kerosene wick lamps. These are especially important, to varying extent, for NO X , 556 CO, BC, and OC, explaining at least partly higher GAINS estimates (Klimont et al., in preparation). 557 M A N U S C R I P T
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Moreover, variations in the underlying economic data play a major role in explaining the differences 558 including uncertainties in economic activity levels, fuel choice and characteristics of the technology 559 considered. 560 561 
Discussion and conclusions 566
The scenarios presented in this article explore a wide range of future air pollution trajectories, with 567 a regional to global long-term perspective. The scenarios systematically explore two key 568 uncertainties: the stringency of climate policy and the stringency of air pollution control. The 569 resulting range of emission trajectories is much wider than the original RCPs. This range -including 570 the description of underlying assumptions -makes the scenario set attractive for exploring the 571 impacts of air pollution control, in conjunction with climate policy. The purpose of developing this 572 wide set of scenarios was to respond to three limitations of currently available scenarios: limited 573 exploration of the full range of possible air pollution futures (as in the RCPs), the rather short-term, 574 from the perspective of climate discussion, and often only regional or sectoral focus of air pollution 575
projections. The newly developed scenarios have made progress in these areas. 576 577
The developed scenarios have some limitations, specifically with respect to potential impact of air 578 pollution policies on land use, including agricultural waste burning.
In some regions open burning of 579 biomass contributes strongly to local pollution episodes and would be targeted by air pollution 580 policy; such scenarios were not explored here. These limitations could be addressed in future work. 581
Furthermore, for specific regions, more detailed scenarios exist that provide finer spatial resolution 582 and a much more specific representation of policies. 583 584
The implementation of climate mitigation policies is highly relevant for air pollution control, due to 585 important co-benefits between climate policy and reduction of air pollutant emissions. Especially 586 for some species (SO 2 and NO X ), climate policy may result in substantial co-benefits. This is for 587 instance illustrated by the fact that implementing stringent climate policies can reduce emissions of 588 these species further than even the most tight air pollution policies in place. The combination of air 589 pollution and climate policy could form an effective strategy for reducing emissions, especially in 590
Asian regions now characterized by very high emission levels. 591 592
After 2030, additional policies that go beyond current policies are necessary to avoid an increase in 593 air pollutant emissions. The implementation of a CLE scenario is expected to halt the growth and 594 stabilize global emissions towards 2030 for most of the species (NO X , BC, OC, CO, VOC) and generate 595 substantial decreases for SO 2 . At the regional level, developments are more diverse. The maximum 596 feasible reduction scenario would result in a more than 75% reduction in 2030 compared to the 2005 597 emissions of NO X , SO 2 and CO. However, unless stricter controls after 2030 are enforced, emissions 598 might start to increase again, primarily for SO 2 and NO X , due to increases in activity levels induced by 599 population and GDP growth. Alternatively, introduction of ambitious climate policies could help in 600 reversing these trends. 601 602
In the period after 2030, the simulations are based on the assumed relationship between economic 603 growth and emissions factors. There is substantial evidence that wealthier societies tend to 604 introduce more stringent air pollution control policies, at least for some pollutants (e.g. trends are 605 observed for SO 2 , but not for CO 2 ). There is substantial debate on the question whether income can 606 be seen as a real driver of this process (or instead policy interventions) and whether the observations 607 for some income levels and species can be applied more universally. Here, we have used income to 608 derive possible trajectories for future emission factors. However, it is not implied that such emission 609 factor improvements will be implemented automatically; rather they need a well-designed and 610 targeted multi-pollutant policy. 611 612
In the context of climate policy, stringent air pollution control policies are most relevant by mid-613 century. Towards the end of the century air pollutant emissions strongly decrease given the shift 614 towards renewable energy and significant improvements in energy efficiency. Mid-century maximum 615 feasible reduction policies can have a considerable impact. To reach ambitious air pollution control 616 M A N U S C R I P T
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targets during the century, strict air pollution control policies are required also in a world with 617 effective greenhouse gas mitigation policies in place. The most promising perspective to reach low air 618 pollutant levels would be combining important reductions of CO 2 and other long-lived greenhouse 619 gases, with accelerated action on air pollutants. • A wide range of emission trajectories explores policy co-benefits 2
• Climate mitigation policies are found highly relevant for air pollution control 3
• Strengthened air pollution policies can offset growth in future air pollutants 4
• Carbon-intensive Asian regions benefit from joint air pollutant and climate policy 5 6
